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sU�mLMARY

Time kinetics of time interaction of partially purified bovine erythroeyte acetylcimolines-

terase (EC 3.1.1.7) with calcium, tetramethylammonium, tetraethylammollium, decame-

thonium, gallamine, and d-tubocurarine has been investigated, using acetyleholine as

substrate. Antagonism betweeim various combinations of ligands has beemi studied. Decame-

thonium binds to time catalytic anionic site (a) and to an aliosteric site (/3). Calcium (0.2

m�i) competes with decamethonium but not with acetvlchmolinc, and is considered to act at

time /3-anionic site. This is an accelerator site, w’huich may bind tetraethylammonium arid! pos-

sibly other polar cation.s. Tetraethylammonium may also bind to the catalytic site, a. Tetra-

methylammoniuni, which is not an accelerator, is considered to bind to time catalytic site

exclusively. Neither tetramethylammoriium, tetraethylammonium, nor calcium antagonizes

the binding of gallamine. This observation, together witim that of the partially competitive

nature of the inhibition by gallamine, indicates thiat gallamine cannot bind to time a- or

/3-anionic sites and hence must bind to a second allosteric site, -y. The ability of gailamine to

antagonize inhibition by decamethonium is attributed to allosteric perturbations of the

a- and /3-sites induced by the action of gallamine at the �‘-site.

INTROI)UCTION

Recently significant evidence ha�s accumu-
lated indicating that acetyicholinesterase

(EC 3.1.1.7) possesses, in addition to an
anionic site in the catalytic center, periph-

eral anionic sites where ligands bind and ex-
ert a regulatory role on time enzyme activity.

Evidence for the presence of such allosteric
sites was first presented by Changeux (1),
from experiments with neuromuscular block-
ing agents of the depolarizing and nonde-
polarizing types. Decamethonium, a depolar-
izing blocker with two cationic groups, has a
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highm affinity for acetyleholinesterase (0.01

�z�i) at low’ ionic strengtim. It presumably acts
in bivalent fashmion w’ith the enzyme (1).
The inhibition by decamethonium follow’s

Michaehis-Menten kimmetics, and it is consid-
ered that one of time trimethylammonium
groups binds to the catalytic aniotmic site
and time other to a peripheral anionic site

(1-3). On the other hand, inhibition of the

enzyme by time nondepolarizing neuromuscu-
lar blockers gahlamine and (i-tubocurarine

does not follow’ the laws of simple competi-
tive inhibition but obeys partially competi-
tive kinetics (1, 2). Such inhibition implies
that the substrate and effector are bound
simultaneously by the enzyme (4), suggest-
ing t hat these neuromuscular blockers are
bound at peripimeral anionic sites (1).
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1mm addit P)tI t 0 neuromnuscular blockers,

acet vici mol I ti( ‘sterase rec( )glmizes, irm rat Imci’

specifi(’ ���avs various snm.all (lt1at(i�Imam’� ant-
nm.oruiutmi bus amm(l immorganmic loims. It IU1S been
simowim (5-7) timat sonic snicim ions cami aced-

erate (lea(’\’l�ttiOIi reactiomis of acetvlciuolimmes-

terase \Vhi(t’(’rts related analogues cannot. It
lmii,s beemm Sltggeste(I that accelerators amid
nonaccelerators inay bind aimd exert timeir

actiotis at (hifferemmt sites Oii time emmzvmii.e (8, 9),
but defirmitive evidence has so far been lack-

ing. In mal(hition, it lmas hed’mm suggested! that

inorgaimic ions may I)ind at allosteric sites on

acetylchuohitmesterase (1, 10-12).
\�(‘ Fel)Ot’t here d)fl kinetic IIIi(l atmtagonisnm.

studies of the relationsiiij) betweeti time I)indl-

ing sites for small (huat(’rmmar�’ amimm.oiuuni
ions (tet ramuiet imyl- arid! tet raethivlaimi.n’io-

mmiunm.), sub.st rate, ii( uronm.usculam’ blockers,

and calciumn w’ith a purified boviime erytliro-

eyte I)m’eParatiOtm. Atu expamuded bimmdimmg-site
model is 1)1’(’seIitcd.

MATERIALS AND METHODS

Enzyme. Acet ylcimolimmesterase was a par-

tially purified bovine erythrocyte prepara-
tion (Nut nt ional Biochenmicals (‘orporat ion).

In time absence of added iomus (ionic stremigthm
less than 0.001) time dI1ZVflid had a specific

activity of 150 j�mnoles of acetvlchmohine liv-
drolyzed pt’t hour per milligram of protein,
and a K,,1 value of 27 �LM, at a proteimu con-

centration of 3.75 ag/nil. Enzyme solutions

(7.5 mg25 ml) were prepared in distilled
water every 2 days ammd maitutainedi at 0-4#{176}.

A ssaij. Ri ‘act ion rates were measured with

a Radiometer pH-St at. Sodium hydroxide
(0.01 x) from a syringe burette (0.5 ml) was
used to maintain the 1H. All rates were
measured at 25 ± 0.1#{176},time fitual volume of

time reaction medium being 40 ml. The solu-
t ions were stirred med manically tim roughiout
time assays, and dry muitrogen was I)aSsed over

time surface. Time pH �vas maintained! at 7.4 ±
0.05, correct iomms being made for dleviatiOmiS

due to stirritug at low ionic strengtim as pre-
viously described! (5). No iotms were added to
time reactioti medium except wimen time effect
of ioims was to be studlied.

Procedure. To time calculated volume of

niedium was added enzyme, followed by time

higand ulmdler study. After 1 mimi thue mixture

w’as stirred for S nun ummder a steady stream

of muitrogetm. Flu’ tmitrogeri w’as �vithmdra�vn to

mm le\’(’l just above the surface, time pH was
adjusted to 7.4 if imecessary, and the sub-
strate was adided to start time reaction. \Vhen

a wide range of ligand eoncetmt rations w’as

studied, the lowest cotucentration of higand
�vn�s first incubated witiu time ctmzvme as de-
SdI’il)e(I abOvd’, atid the react ion was started

by substrate addition. When time velocity be-
came constanit, further aliquots of ligand

mvere addedl sequentially. If the total change

iti volume \\���5 no more titan 1.. #{182}�almdl the

total chatige in substrate cormcetutration did
not excd’e(l 2 ‘�, thme results Obtaine(l by this

met imod were comparable to tim ose obtained

in umdividual assays. Controls, run itt time

begirmninig aimd enudi of each series of experi-
nmemmts, were constant to witimitm ±3.5 #{182}�
\\hmetm large quat ernary ammmmonium coni-

poumm(ls were Usd(l, st m’ict I)recaut iorms for
cleamiimmg time glass vessels, time polyethyletme
j)arts of the reaction vessel, atmd time eke-

ttodes were found to be critical for accurate

results.

C’heiim icals. Time following compounds were

used as l’eceiVe(l: tet rarnethylammoiuium
iodi(le, tet raethmylammmnmonumnm. iodhide, amid cal-
ciunm. chloride (liimvdrate (Baker Chemical
(‘ommmpanv) ; decametimonium i)rOmidl (K &

K Laboratories, Inc.); and acetylcimolme

l)erciulorate (British 1)rug Houses). Galla-
mine tnidtimiOdidl(’ was a gift from Poulenc,

Ltd.

RESULTS

Kinetics of’ L ujand Interact ions

Kinmetic dat a \V( re obtained, relative to

controls at ionic strength less tiian 0.001,

using acetyicholinie as substrate.

�ubsti’ate inhibition. In time absemice of

added iorms time subst late depetmdencc data
ga \‘e atm asymmetrical, bel l-simaped curve,

�vithm an ol)tinumni substrate concentratiomm of

0.4-0.S tRM.

Calcium. Eadlie plots (Fig. 1) show timat
Ca”� (0.2 rn�i) did tiot alter the K�, of

acet�’lciiohine for time enzyme (Table 1) and
iiid not compete with acetylclmolinme for time
catalytic anmionic site. This suggests that

(1a’+ can hinmd to the �nmzyme at a peripimeral

aniiotiic site, simultaneously with the bounmd

substrate.
,Veui’omuscular blo(’kers. Time Eadie plots
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FIG. 1. Effect of calcium on acetyicholine hydrolysis

The control plot (O-’---O) is the average of a
muumber of determinations in the absence of added
ions (see the text). Substrate concentrations were
varied from 0.05 to 0.4 mrs. t�---t�, 0.2 m�s Ca�;
D-D, 1 mM �

TABLE 1

Effects of some compounds on kinetics

of acetyicholine hydrolysis

Vmax is the maximum hydrolysis for each com-

pound, and is expressed as micromoles of acetyl-

choline hydrolyzed per milligram of proteitm per

hour. K1 values were obtained from Dixon plots

(4) at two or three substrate concentrations.
Knoapp) is the negative slope of Eadie plots (Fig.
1), at various substrate concentrations, mm the

presence or absence of compound. Control values

were obtained imm the absence of added ions or

compounds.

Compound ‘m�x � K1

.1! lI

Comitrol

1)ecamethoni um

d-Tuhocurari ne

(�allamimme

TEA

TMA

CaCI2 (0.2 mM)

mm Fig. 2 show that decametlmormium arid d-

t ubocurarine gave mixed competitive-non-

competitive inhibit ion. Time maximum veloc-
ity (lTmax) in time Ires’nmee of deeametho-
nium (0.15 �s) was reduced from 146

/hmoles/mg/hr for the control to 100, and
for d-tubocurarine (20 �z�i), to 110 (Table 1).

Figure 2 shows that gahlamine was not aim

imihibitor at all substrate concentration.s; at

V/S X 1O’�

FIG. 2. Effects of gallamine, d-tubocurarine,
(:0(1 decainethoni urn on (Icetyicholine hydrolysis.

The control plot (experimental points hot

shown) is the same as that imi Fig. 1. Substrate

concentrations were vmmried from 0.1 to 3 mM.

D-D, 20 /hms gallamine; fr-Lt, 20 MM d-tubo-

curarine; #{149}-#{149}, 0.15 z�i decamethonium.

high substrate concentrations the reaction
w’as accelerated and TTntax in the presence of
gallamine was increased from 146 to 228
�moles/mg/hr. Gallamine accelerated time

decarbamylation reaction of acetylcholimmes-
terase (3); hence time observed increase in

Vmax could have been due to acceleration of

time deacetylation step in time hydrolysis se-

quence.
TMA and TEA �1 Table 1 shows that TEA

(2 m�mf) increased time maximum velocity of

acetylehohine hydrolysis from 146 to 202
/2moles/mg/hmr, w’imereas TMA (2 m�i) had

mmoeffect on this quantity.
Estimation of kinetic constants. Apparent

Michachis- \ lenten constants [Km(app)] and

maximum velocities (Vi,iax) were obtained
from Eadie plots as previously described (5),

arid K values were obtained from Dixon
plots (4) at two or three substrate concen-
trations. Representative plots are shown in

Fig. 3. Decametimonium obeyed Micimaelis-
Menten kinetics up to at least 80% inhibi-
tion, whereas curvature in time plots for gal-

laminue arid d-tuboeurarine is evident after
less timan 50 % iniuibit ion. Time curvature of
time gallantine and (i-tubocurarine plots indi-

cates partially competitive kinetics for these

compoumuds, in agreement with results ob-
tained on time enzyme from electric eel (1).
Time results are summarized mm Table 1.

1 The abbreviations used are: TMA, tetra-

methylammonium iodide; TEA, tetraethylam-

moniunm iodide.
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[I]

FIG. 3. Effects of various concentrations of

gallarnine, d-tuboe urarine, and decamethormiu in

on acetylcholinesterase activity.

The inhibitor conucentration was varied at a

constant acetylcholine concentration: 0.4 m�s

in the presence of gallamine armd d-tubocurarine,
and 0.5 m�s imm the presence of decamethonium.
[11 is the conmeentration of each inhibitor, imm the
following nmultiples: #{149}-�, decamethoniunum

(X 10’ M); O-O, gallamimie (X 10� M);

�-‘-�, d-tubocurarimme (Xli)’tm imi).

Antagonism Studies

Time effects of Ca�, TMA, and TEA omi

time inhibition of acetylcholinesterase by
decanietimoniunm, gallamine, and d-tubocura-
rimme were studied.

Antagonism by Ca+�

Decamethonium. Figure 4A simow’s curves
representing the fractional inimibitioim by

decametimonium (tie0) as a fummctiorm of dee-
amethmonium commeent rat ion. In time presence
of increasirmg Ca�� coneenmtratioims, time curves

are simifted toward imigimer decamethonium
concentratiomms.2 Double-reciprocal plots of
time effects of Ca� at various decametho-
nium concentrations (Fig. 4B) show’ timat
time antagommism betw’eenm decamethormium
anmd Cai+ approacimed competitive kiimetics.

Gallamine. Figure 5 shows the fractional
inmimibition by gallamine (v/c0) as a function

of gallamine coneenmt ration. Irmereasing Ca++

concentrations (lid mmot cause a shift in time

inhibition curves, indieatilmg that Ca�� and

2 This is not atm ionic strength effect, since Na�
and TMA, at concemutratiomms producing the same
ionmic strenmgth as Ca’� (0.2 mM), do not anutagonize

decamethoniuni inhibition.

#{163}

10 20

/[Ca�J � io�

Fmc.. 4. Effects of decamethonium and calcivrn

on aeetylcholinesterase.

A. Inhibition by decamethoniunm at various

calcium comucentratiomms. v/v0 is the fractiommal

inhibition by decamethonium; v is the rate of
hydrolysis of acetylcholinme in the presence of

decanmethonium, and Vo is time rate of hydrolysis

of the control at each calcium concentration. The

substrate concentration was 0.5 mM. O’-O,

control (mio calcium); S--S 0.05 mn.i Ca�;

�---�A, 0.2 HiM Ca�; A-’--A, 1 tHM �

B. Effect of calcium at various conmcemmtrations

of decamethonium. 1/v is the reciprocal of the

velocity imi micromoles per mmuilligram per hour.

Time substrate concemmt ration was 0.5 mM. O-----O,

control (no decametluoniuni); #{149}----�, 0.25 �M

decamethonium; �---�, 0.5 MM decanmethonium;

A---A 1 MM decaniethomuium.

gallamirme do not compete, anmd hence must
act at different sites.

d-Tubocurarine. Figure 6 show’s timat Ca�

competes withm d-tubocurarine. The maxi-
mum Ca++�induced increase in the activity

of time enzyme inimibited by d-tubocurarine is

140 %, whereas the corresponding increase

in the case of decametimoniuni is 300 %. Thus
we conclude that time competition by Ca�
for d-tuboeurarine is not complete.

Antagonism by TEA

Decamelhoniuin. Commcentrations of TEA
whicim alone affected time control activity less
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4 8
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FIG. 5. Inhibition of acet ylcholinest erase by

gailamine at various calcium concentrations.

v/t’� is the fractional inhibition by gahlaminme
at each calcium concentration. The substrate
concentration was 0.4 mM. O-O, conutrol (no

Ca��); �---L�, 0.1 m�m Ca�; X-X, 0.4 mM

Ca��; D-D, 1 mM Ca++.

FIG. 6. Effect of calcium on acetylcholinesterase

activity at various concentrations of d-tubocurarine.

The ordinate represents the percentage increase

imm the rate of hydrolysis of acetylcholine due to

calcium, relative to a control in the presence (or

absence) of various concentrations of d-tubo-

cinrarine. The substrate concentration was 0.4 numit.

O-O, coimtrol (nmo (/-tubodurarine); A-----A
2Oj.&M d-tubocurarine; [J------D, 40 MM d-tubocura-

rine; �-----�, 60 giM (l-tubocurarimue; #{149}-S, 80

MM (l-tubocurarine.

than 5 % increased time activity of acetyl-
cholinesterase inhibited by decametiuonium

up to 100 % (Fig. 7). A double-reciprocal

1)lOt (not shown) indicated that timis antago-

nism approached competitive kinetics. A
plot of fractional irmhibition (v/c0) against
decamethonium concentration at increasing
TEA concentrations simowed a shift of time

decamethonium inimibition curves to higimer
concentrations, almost identical witim the

shift seerm with Ca� (see Fig. 4A). Thus it

appears that TEA also competes witlm dcc-
amethormium for one or botim of its cat ionic
sites.

Gallamine. Increasing TEA concentrations
did not antagonize time binding of gallamine,
since a plot similar to Fig. 5 w’as obtained.

We therefore conclude that the site for TEA

is niot time same site occupied by gallaminme.

Decameth onium. Concentrations of Ti\ IA
which inhibited time enzyme S % increased
its activity when inhibited by decametho-

nium (Fig. 8). How’ever, comparison of Fig. S

with Fig. 7 shows that TMA was riot as
effective as TEA in antagonizing decametimo-
nium inhibition. In time presence of decame-

thonium (0.5 /2r%f) TMA increased activity
by only 43 %, w’hereas time sanme coneentra-
tionm of TEA increased activity by 100 %. Time

shift in time inmimibition curve for decametho-

nium caused by the presence of TMA (1 m�r)
is likewise only imalf timat observed with TEA

(1 mM). TMA is a pure competitive inhibitor
of acetylcimoline and hence probably corn-

petes with it for time catalytic anmionie site.
Henmee the antagonism of decametimonium by

TMA probably occurs at this site.

FIG. 7. Effect of TEA on acetylcholinesterase ac-

tivity at various concentrations of decaniethonium.

The percemmtage activation by TEA was ob-

tamed as for Ca�� jim Fig. 6, at the comucentratiomis

of decannethormiunm listed below. The substrate
concemmtrationm was 0.5 nm�r. O-O, control (mmo

decamethonium); L� -h, 0.1 MM decametluo-
nium; D--1, O.2SMM decamethomnuni; X---X,

0.5 MM decamethonium.
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ametimonmium at various substrate concentra-
tions. Gallantine increased the activity of tim
enzyme inhibited by decamethonium about

100 % at all substrate concentrations studied.
The concentration of gahlamine that pro-

duced the maximum increase in activity

(constant decamethonium concentration)
was shifted progressively to higher values as
time concentration of substrate was increased.

Substrate Inhibition Sites

[TMA] x 104M

FIG. 8. Effect of TMA on acetylcholinesterase

activity at various concentrations of decamethonium.

The percentage activation by TMA was ob-

tained as in Fig. 7, at the decamethonium con-
centrations listed below. The substrate concen-
tration was 0.5 nm�i. O-’-O, control (no deca-
methonium); � 0.1 MM decamethonium;

0-0, 0.25 MM decamethonium; X-X, 0.5

MM decamethonium.

2 4 6

[Gallamsne] x 105M

FIG. 9. Effect of gailamine on acetylcholinesterase

activity in the presence of decamethonuum at various

substrate concentrations.

v, the velocity of acetylcholine hydrolysis, was

obtainued at a comistant decamethonium conmcen-

tration 10.5 MM), in the presence of the gallamine
concentrations shown on the abscissa. The acetyl-
choline concentration was varied as follows:

O-O,0.4mM; S-�, 1 mra; �-‘---A, 2 mra;

A’-A,3 mM.

Gallamine. TMA (0.5 mu) did not antag-

onize time inhibition of time enzyme by gal-
lantine.

Antagonism of Decamethonium by Gallant inc

Figure 9 show’s time effect of gallamine on
time inhibition of acetyleholinesterase by dee-

Substrate inhibition was studied in time

Ireseimce of Ca�, TEA, and gallamine (Fig.
10). The concentration of substrate at which
substrate inhibition appeared w’as essentially

the same as for the control in the presence
of � but TEA and gallamine delayed
substrate inhibition. We conclude that the
Ca� site is not a site of substrate inhibition.

A ntagonism Studies Using [I]5o Values

For tw’o inhibitors acting independently
(summation),

li 2 = �l + �2 -

w’lmere i1, � is inhibition in time presence of
two inhibitors and i1 and i2 represent the
effects of time inhibitors separately (4). Com-
binations of TMA and TEA gave additive
effects, as shown in Table 2 (in some cases

there is a small amount of synergism). Timus

w’e conclude that TEA and TMA act at two
independent sites.

250

.0

a,
E
�. 150

VI

0)

0
E

>

50

FIG. 10. Effects of calcium, TEA, and gallami ne

on substrate inhibition of acetylcholinesterase.

O-O, comutrol (no added ions); �---�,

0.6 man Ca��; A---A, 5 mat TEA; #{149}-----�,

50 MM gallamine.
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TABLE 2

Effect of combinations of TEA and T�I.t on

acetqlcholinesterase in/i ibition

\‘altmes for itihibitiomi for TMA amid TEA imi-

dividuallv at the convent rat ions shown were de -

t ermmmi ned at an ned vi chol inc (‘ommcetmt mat mmml if

0.4 mat, iii the ahsemmce of aim oilier added iomis.

Tiuese individual immimihit iou �ral ties were imsed to

calculate t lue immimihit iomm expected fom’ sumrnnmal ion

by mimemmmisof time formula i1, = i� + i� - i1i2 (see

the text). Time two immhibitors were themi conihimied
after 5 mmmiii of incubat lout amid t lmei r (‘onui )i mmcd

imuhibitiomm was obtained expem’immuemmt all� (third
vol unumm).

Inhibition

‘I’E.� (‘aiculated
Obtained for

sunumatiomu

i;z11 mm� (

8.0 6.() 78.4 81.6

.0 3(1 69.9 66.()

1.0 3.0 69.0 50.8

2.0 3.0 51.1 46.()

2.0 1.5 27.1 29.0

DISCUSSION

hiiietic data for the effects of (‘a�, T1\IA,
TEA, and depolarizing and nmonmdepolatizitmg
tmeuronmuscular bloekinmg agents imave bet nm

obtained, and time effects of small cations onm

time birudinmg of nieuromusculmmr blocking

agents and substrate imave been considered.

Time approach taken immtime interpretation of

data on time effects of combirmations of two

ligands considered army resulting antagonisimi
to be due to comupetition for binding sites

rather than to competition for two or more

conformat ionmal states of time acetylcimolinmes-
terase subunit conmplex (13). Tlmis does muot

imply, iiow’ever, that time specific effects due

to higatid inmteractiotms withm acetylcimolinmes-

terase (e.g., activittiomi) are not due to spe-

cific conmformatiormal perturbationms of time

proteiim molecule (14).

Time kinetic data for Ca�� (Fig. 1), at

least at time lower act ivmmtilmg concentratiomms,

indicate that Cat� (hoes not compete witim

acetylcimoline for time catalytic ammionic site

ammd hence must bimud at tmnm nillosterie site,

w’imich we call the �-armionic site. The kinmetics

for (�nI � ntcti\-at I(ltl ot �LC(tylChiOliIme il\’(ln�)l\’-

sis (hiflers fronmi timat for (itimer \ lg+4 arid

� ; timese iotis inilmihit stnI)st rate lmvdm’olvsis
at low 51ti)SttItt( conmcermtmatiomms (5, 15), are

P�nm� compel itive itmimibitots (if a 1)#{176}�1�sUb-
strntte (15), (lelni” substrate inimil)itiomm, and
�teti’�’ate acetvlelmohitue imy(lrolvsis omml� at

imighmer S1ni)strat ( eotmcetmtrat iotms (5, 15).

\Ig++ anu(l \fl’ tints lack time specificity of

(1a++, iitmce it :t1)l)eat�5 tlmitt these iomms can

i)ifl(l at time (at:mlvtie �LtiiOtiiC site (�) �t5 �vell

its at the �3-anmiotmic site. Other �vorkers imave

also suggested t hat inmorganic ions l)itud to

I)eliPimeral ammionic sites ( 10-12) . �Fhe fl-ammi-
otuic site l)101)05(’d iiete \\OUI(l fmnmmcl iomi its ami

acCelerator sit e amm(l hinm(l ielat i\’elV i)�l�tm’

eat iomms.

1)ecnuiiellmormiuni. innhmil)itiotm follo�vs

:\ 1iCii�L(ii5- �\ letmtemu kitmeti(s ( lig. 3), amud it is

genera 1lv C( tmSl( lerecl t I mat (lecallm( 1 1monimmmn

I)immds to t lie catalytic ammionmic site (a) amid to

a se(On1(l nmllostemic site (1, 2). \\� have tuow’

shm()\Vtl that (‘nt++ atmtagonmizes (lecamnetimo-

niiunm i)iniditmg in a eolmmp(’titive imimmnmimer� ( l’ig.
4A amud B), alm(l tlmis suggests IliRt (leenmImme-
I hionmiuni biimds acn)ss time a- :itmd �-�mmmionic

sites, sitmce anmtagonmismn i)V (1f� presUmmm�ml)ly

occurs at time a-site. TEA atmtagotmizes (lee-

ametlmommiummi binmdimmg to tIme same degree its

(‘a�� (Fig. 7). Hemice we conclude that TEA

can also act nit time �-atmiormic site. Atm allo-

steric hinmdirmg site for TEA hams also been

suggested by others (�, 9). ()mm time othmer

hand, lEA is atm itmimibitor of acetylclmolitme at

low substrate commeenutnatiorms (;), is a pure

competitive itml Iii)itor of a J)oOt substrate

(7), amid delays substrate itmhmii)ition (Fig.

Time ammtagummismmi of (Ie(’aniethonmiummmm by (‘a��

observed iii t his st udv wit im ervi hroevie aeetvi-

eholinesierase agrees with time fimidimmg of (‘hammgeux

(1) for t lie emmzvmmue pimm’ifled frommu Torpedo war-

nmorata, but mmot wi iii results 01)1 ai mmcd by Winms

et (Il. (11) omi a mnemmubrane-boumid preparmttiomm

fronu 1 lie same source. These latter workers mliii miot

find amit agonismu bet weemm decanmet 11(1mmi aiim and

Ca41; however, I lie commcemmt rat ions of decanici Ito-

nium used were 1000 limes timose required iii lime

1)llrihed ervthrocvle preparatiomm used in this imm-
vest igtitiomm and for time Preparatiomi used by

Chamugeux (1). It ispossible that iii the memmubramie-

bound I)repam’lt iomm (Ieearmuetiuonium did mmot bimud

to the emizymne itt aim analogous matmmmer.



TMA TEA Gatlamine

FIG. 11. Proposed binding-site model for acetyl-

cholinest erase.
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Unpublished observatiomms.

10). TEA must therefore Imave some affiumitv
for time a-anionic site as well. TMA is a pure
competitive inmhibitor of acetyleimoline imy-

drolysis (Table 1) and does riot accelerate
deacylation reactionms (5, 6), and we now

find that it is a relatively poor antagonist of
decametimonmium hinditmg (F�ig. 8). TMA must

therefore imave very little affinmity for time
fl-armionic site, anmd probably acts at time a-

catalytic site almost exclusively. Timus we

propose that TEA and TMA may act at two

different sites. Timis is supported by time fact

that in combinmation they give additive irihi-
bition (Table 2).

Xeitimer TMA, TEA, nor Ca+� antago-
nmizes the inmhibition of acetyleholinesterase
by gahlam.inme. Since these catiorms most likely

occupy the a- and fl-sites, w’e propose that

gallaminme cammnot birmd to eitimer time a- O)F

fl-ammionmic sites, and hence must bind at some
other site, which w’e call time -y-anionic site.
Timis may functionm as an accelerator site,

preferentially biniding hydropimobic mole-
cules (3). It could correspond to time A2 imy-

drophobie site proposed by Kabachnik c/ al.
(16). Since gallamine does not bind to time

fl-anmionic site, the antagonism of decametimo-
nium by gallamine is probably due to antag-

onism between allosteric sites. Time presemmce
of gahlamine at the 7-allosterie site may alter

the kinetic pattern of activation by Ca�

and TEA at time fl-site, and time inhibition by
TMA at time a-anionic site.4 Hence occupa-

tion of the �‘-site can regulate activity of time
catalytic and fl-accelerator sites.

Our data (Fig. 6) showing some antago-
nism of rl-tubocurarinme inimihition by (1a�*,

however, are compatible witim time assump-

tion that d-tubocurarimie anmd decametho-

nium simare a common anionic site, as pro-

posed in time model of Belleau et al. (2).

Thus d-tuboeurarine could form a bridge be-

tween the fi- anmd ‘y-armionic sites.

These observationms imave permitted us to

expand on the model proposed by Belleau

et al. (2). Time expanded model is simowni in

Fig. 11. It is now widely accepted timat acet-

ylcholinesterase is a dimeric hybrid of tw’o

a- and two fl-protein chains (13). \Vimetimer

time anionmie sites proposed are on time same

or on different polypeptide chainms, w’hetimer
bifummetional inmhmibitors bridge time a-chainms,

time fl-chains, or arm a- and a fl-chain, or per-
imaps even tw’o tetramers, and time nature of

time molecular cimanges induced by activators

acting at allosteric sites remain to be deter-
mined by more sophisticated chemical
analyses.
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